Abstract. The present study aimed to investigate the role of gallic acid in oxidative stress induced during spinal cord injury (SCI). In order to measure oxidative stress, the levels of lipid peroxide, protein carbonyl, reactive oxygen species and nitrates/nitrites were determined. In addition, the antioxidant status during SCI injury and the protective role of gallic acid were investigated by determining glutathione levels as well as the activities of catalase, superoxide dismutase, glutathione peroxidase and glutathione-S-transferase. Adenosine triphophatase (ATPase) enzyme activities were determined to evaluate the role of gallic acid in SCI-induced deregulation of the activity of enzymes involved in ion homeostasis. The levels of inflammatory markers such as nuclear factor (NF)-κB and cycloxygenase (COX)-2 were determined by western blot analysis. Treatment with gallic acid was observed to significantly mitigate SCI-induced oxidative stress and the inflammatory response by reducing the oxidative stress, decreasing the expression of NF-κB and COX-2 as well as increasing the antioxidant status of cells. In addition, gallic acid modulated the activity of ATPase enzymes. Thus the present study indicated that gallic acid may have a role as a potent antioxidant and anti-inflammatory agent against SCI.
Introduction
Spinal cord injury (SCI) occurs as a result of a multifactorial process, involving primary injury subsequently followed by secondary effects. Primary injury usually occurs due to mechanical trauma, whereas secondary injury occurs as a result of the primary injury; in addition, the severity of secondary injury is proportional to that of the primary mechanical damage (1) . Secondary injury is characterized by apoptotic or necrotic events, however the predominant causes of such events are mediated through oxidative stress (2, 3) . The central mediator in SCI injury is the generation of reactive oxygen species (ROS), which have various effects at the cellular level. Previous studies have suggested that the initial formation of ROS and reactive nitrogen species (RNS) molecules initiate lipid peroxidation and protein carbonylation (4) . Lipid peroxidation results in the disorganization of phospholipids in membranes; in addition, the end products of lipid peroxidation damage the structure and function of proteins, thereby exacerbating oxidative stress conditions. In addition, various signaling events mediated through the deregulation of ion homeostasis contribute to oxidative stress and tissue damage (5) . It has been widely reported and accepted that the end results of free radical-mediated oxidative stress and subsequent inflammatory mechanisms serve a key role in SCI. Oxidative stress and deregulation of ion homeostasis initiate and promote cellular damage; therefore, protection against these effects using pharmacological intervention may be an effective therapeutic strategy. Thus, the present study aimed to investigate the protective effects of gallic acid against SCI injury in the context of oxidative stress and ion homeostasis.
Gallic acid is a phenolic compound with clear antioxidant activity (6) . This compound is widely present in gallnuts, tea leaves, green tea, apples, grapes, strawberries and pineapples (7) . Gallic acid has been reported to exert chemopreventive activities through ameliorating oxidative stress and enhancing the antioxidant status (8) . In addition to its free radical scavenging abilities and cytoprotective effects, gallic acid has been well reported to act as an anticancer and anti-inflammatory agent (9) (10) (11) (12) . The present study was designed to analyze the effects of gallic acid against SCI-induced oxidative stress and ion imbalance by evaluating lipid peroxide levels, protein carbonylation, ROS levels, antioxidant status and the enzymatic activities of the Na + /K Animals and treatment schedule. All experiments performed in the present study were approved by the Institutional Animal Care Committee at the 117 th Hospital of People's Liberation Army (Hangzhou, China). A total of 30 male Wistar rats (160-190g) were obtained from the Animal Center of the Hospital of People's Liberation Army (Beijing, China), were housed under controlled conditions (21±2˚C; relative humidity, 75%) and were fed with a Food and Drug Association-approved diet and water ad libitum. Subsequent to acclimatization, the animals were allocated into the following 3 groups with 10 animals in each: Group I, sham operated animals, laminectomy alone; group II, laminectomy followed by SCI injury; group III, laminectomy followed by SCI and intraperitoneal (i.p.) injection of gallic acid (10 mg/kg) following 1 h of SCI on day 1, which continued until day 10. The laminectomy was performed at the T9 vertebra and the weight drop technique was adopted for the induction of conducive SCI. During this technique, weight (15 g ) was dropped at a height of 2.5 cm onto the spinal cord for 2 min. Subsequent to the appropriate treatment schedule for the group, the rats were sacrificed with ketamine (75 mg/kg; i.p.) and xylazine (10 mg/kg; i.p.). Blood was collected through cardiac puncture and the serum was separated and stored at -80˚C. The spinal cord tissues (2 cm) were obtained. Tissue samples were homogenized using ice-cold Tris-HCl buffer (50 mM, pH 7.4) and centrifuged at 800 x g for 15 min at 4˚C. The supernatant was aliquoted and stored at -20˚C until used for the measurement of oxidative stress parameters and western blot analysis. Protein estimation was conducted as previously described (13) .
Estimation of serum total antioxidant capacity (TAC) and total oxidant status (TOS).
The TAC of serum was determined as described previously (14) . This method involved quantifying hydroxyl radical formation during reactions between antioxidants in the sample and free radicals. The results are expressed as mmol of Trolox equivalent/l. TOS of serum was determined as described by Erel (15 Oxidative stress Estimation of tissue protein carbonyl content. The protein carbonyls formed were determined as described previously (16) . The formation of the Schiffs base during a reaction between the carbonyl group and 2,4-dinitrophenylhydrazone (DNPH) resulted in the formation of carbonyl contents, the levels of which were measured spectrophotometrically (AquaMate 8000 UV-Vis Spectrophotometer) at 370 nm. The results were expressed as nmol carbonyl formed/mg protein.
Estimation of lipid peroxidation. The lipid peroxide levels (thiobarbituric acid reactive substances; TBARS) were determined, as described previously (17) . The estimation involved a reaction between malondialdehyde (MDA) and thiobarbituric acid (TBA), which resulted in the formation of TBARS. The pink colored chromogen formed was measured spectrophometrically (AquaMate 8000 UV-Vis Spectrophotometer) at 532 nm. Results were expressed as nmol TBA reactants formed/g wet tissue.
ROS generation. Levels of ROS generated were determined as described by Hashimoto et al (18) . The homogenate was incubated with DCF-DA at 37˚C for 15 min. At the end of the incubation time, centrifugation at 9,000 x g was conducted for 15 min. The resultant pellet was re-suspended in PBS and incubated for 60 min at 37˚C. ROS levels were measured spectrofluorimetrically (AquaMate 8000 UV-Vis Spectrophotometer) at excitation (485 nm) and emission (528 nm) wavelengths. The results were expressed as the percentage of ROS generation when the control group represented 100%.
Estimation of nitrite levels. The conversion of nitrates to nitrites by nitrate reductase was determined by the addition of Griess reagent. The reaction results in the formation of purple azo compound; therefore, absorbance, which is proportional to the nitrite levels (Nitrate/Nitrite Colorimetric Assay kit; Cayman Chemical Company, Ann Arbor, MI, USA) in the sample, was then measured spectrophotometrically (AquaMate 8000 UV-Vis Spectrophotometer).
Antioxidant status Levels of the non-enzymatic antioxidant glutathione (GSH).
GSH levels were measured based on the principle reaction between 5,5'-dithiobis(2-nitrobenzoic acid) and reduced GSH. The resultant yellow color formed was measured spectrophotometrically (AquaMate 8000 UV-Vis Spectrophotometer) at 405 nm. The concentration of GSH was the calculated from standard GSH levels (Glutathione Assay kit; Trevigen, Inc., Gaithersburg, MD, USA).
Superoxide dismutase (SOD) activity. SOD activity was determined as described previously by Sun et al (19) . The assay was based on the reduction of nitrobluetetrazolium (NBT). A total of 1 Unit SOD activity = the amount required for 50% inhibition of NBT reduction. SOD activity is expressed as U/mg protein.
Catalase (CAT) activity. CAT activity was determined according to the method described by Aebi (20) . The reaction mixture contained tissue homogenate (50 µg) and 30 mM H 2 O 2 in 50 mM PBS, pH 7.0. The activity was estimated by the reduced absorbance of H 2 O 2 at 240 nm.
GSH-S-transferase (GST) activity.
The reaction between 1-chloro-2,4-dinitro benzene (CDNB) and reduced GSH resulted in formation of dinitrophenyl thioether, which was measured at 340 nm, as previously described (21) . A total of 1 Unit GST = amount of enzyme producing 1 mmol CDNB-GSH conjugate/min.
GSH peroxidase (GPx) activity. The GPx activity was measured as described by Paglia and Valentine (22) . Oxidized GSH is reduced by GSH reductase and NADPH. The oxidation of NADPH to NADP + was measured by the reduction in absorbance at 340 nm. GPx activity is expressed as U/mg protein. (24) and Ca 2+ -ATPase (Hjertén and Pan) (25) activities were measured by estimating the inorganic free phosphate. Phosphate reacts with ammonium molybdate to form phosphomolybdate. The reaction between 1-amino, 2-naphthol4-sulfonic acid and phosphomolybdate results in the formation of a blue colored complex measured at a wavelength of 620 nm. Results are expressed as nmole Pi-released/min/mg protein.
Western blot analysis. Tissue homogenates (50 µg) from different treatment groups were analyzed for nuclear factor (NF)-κB and cycloxygenase (COX)-2 expression. Western blot analysis was conducted as described by Towbin et al (26) . Briefly, the proteins were separated using 12% SDS-PAGE (Mini-Protean Tetra Cell systems; Bio-Rad Laboratories, Inc., Hercules, CA, USA) and transferred to nitrocellulose membranes. The blots were blocked with non-fat milk (5%) at room temperature for 1 h. Subsequent to washing with TBST, the blots were incubated with the following primary antibodies overnight at 4˚C: Goat polyclonal COX-2 (C-20; sc-1745) and rabbit polyclonal IgG NFκB p65 (C-20; sc-372). Following another wash with TBST, the blots were probed with the goat anti-rabbit COX-2 and rabbit anti-mouse NFκB secondary antibodies for 1 h at room temperature. Specific primary and secondary antibodies were purchased from Santa Cruz Biotechnology, Inc. (Danvers, TX, USA). Protein expression levels were visualized using the Enhanced Chemiluminescence Detection System and the band intensities were measured using ImageJ software, version 1.41 (http://imagej.nih.gov/ij/).
Statistical analysis. Data were analyzed using a one-way analysis of variance followed by Tukey's multiple comparison test. All biochemical experiments were performed in triplicate to ensure reproducibility. SPSS software, version 22.0 (IBM SPSS, Armonk, NY, USA) was used for the statistical analysis. Table I , the results of the present study demonstrated a statisti- ### P<0.001 and ## P<0.01 vs. SCI group; one way analysis of variance followed by Tukey's multiple comparison test. SCI, spinal cord injury; CAT, catalase; SOD, superoxide dismuatase; GPx, glutathione peroxidase; GST, glutathone-S-transferase; Group I, control; Group II, SCI; Group III, gallic acid + SCI.
Results

Effect of gallic acid on serum TAC and TOS levels. As shown in
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cally significant increase in TOS levels (P<0.001) in rats with SCI when compared with control rats. By contrast, the levels of TAC were significantly reduced (P<0.001) in SCI rats when compared with the control. Treatment with gallic acid resulted in a significant reduction in TOS levels (P<0.001) with an increase in TAC levels (P<0.001) when compared with SCI rats (Table I) .
Gallic acid ameliorates SCI-induced oxidative stress in Wistar rats.
Significant increases in lipid peroxide levels (P<0.001) and protein carbonyl content (P<0.001) were observed in rats with SCI injury, when compared with the control (Fig. 1 ). In addition, there was a significant reduction (P<0.01) in these levels when compared with SCI rats. This indicated that treatment with gallic acid attenuated the rise in lipid peroxidation (P<0.01) and protein carbonylation (P<0.001). As shown in Fig. 2 , a significant increase (P<0.001) in ROS and nitrite levels during SCI injury was ameliorated (P<0.01 and P<0.001 for ROS and nitrite levels, respectively) during treatment with gallic acid (Fig. 2) . ### P<0.001 vs. SCI group. NF-κb; nuclear factor-κb; COX-2; cyclooxygenase-2; Group I, control; Group II, SCI; Group III, gallic acid + SCI.
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Gallic acid enhances antioxidant status and prevents SCI in Wistar rats. Activity levels of GSH, CAT, SOD, GPx (P<0.001) and GST (P<0.01) were significantly reduced during SCI in Wistar rats (Figs. 3 and 4) . However, rats treated with gallic acid followed by SCI injury exhibited a statistically significant increase (P<0.001) when compared with SCI rats. In response to this decline in antioxidant status, the levels of GSH (P<0.001), SOD (P<0.001), CAT (P<0.01), GPx (P<0.01) and GST (P<0.001) were significantly increased in rats treated with gallic acid followed by SCI when compared with SCI rats (Fig. 4) . (P<0.001) ATPases compared with those in the SCI group (Fig. 5) .
Gallic acid restored the activity of the
Gallic acid inhibits SCI-induced inflammatory responses.
The expression levels of the inflammatory markers NF-κB and COX-2 were determined. Densitometric analysis demonstrated that expression of these markers was significantly upregulated (P<0.001) in SCI rats compared with the control. In addition, treatment with gallic acid significantly downregulated (P<0.001) the expression of NF-κB and COX-2 when compared with SCI rats (Fig. 6 ).
Discussion
The key mediator of persistent SCI is secondary injury, which occurs as a result of physical and conducive damage to the spinal cord. Within minutes to hours of the initiation of primary mechanical injury, the secondary effect is initiated and the adverse effects which occur are proportional to that of the primary injury (5). The degenerative events which occur as a result of secondary injury are mediated through the activation of various signaling cascades, disturbances in ion homeostasis and the production of ROS. Oxidative stress is key in the production of tissue damage (27) (28) (29) (30) . Thus, spinal cord damage and subsequent loss of neurological function occurs via apoptosis/necrosis. As secondary damage has been reported to be mediated by oxidative stress and its downstream events, pharmacological intervention with free radical scavengers is suggested to be able to efficiently block this oxidation-induced tissue damage. The present study demonstrated promising results, identifying that gallic acid, a potential antioxidant compound, prevented SCI via pharmacological intervention. The measurement of TAC and TOS is a widely used marker for the evaluation of the total oxidative stress status during injury. The current study observed that treatment with the antioxidant gallic acid was able to significantly prevent the total oxidant levels in serum and the associated increase in total antioxidant capacity during SCI. Previous studies have reported that free radical-mediated loss of neurological function is a key event in SCI (31, 32) . Thus, the present study evaluated various markers of oxidative stress, which resulted in the observation that SCI led to a significant rise in ROS generation. The reaction between various reactive oxygen and nitrogen species formed during stress conditions results in the formation of peroxynitrite radicals. Reports suggest that these peroxy radicals have critical roles in the initiation of mechanisms mediating lipid peroxidation (31) .
Lipid peroxidation is a complex process resulting in the damage of lipids, which alters the cellular membranes and ultimately cellular function. These oxidative alterations in the membrane lipids are irreversible. Lipid peroxidation and the resulting oxidative damage to lipids occurs as a result of the insertion of an oxygen molecule through enzymatic or non-enzymatic mechanisms (33) . The impact of lipid peroxidation leads to alterations in membrane fluidity, permeability, in addition to the loss of cell-cell contacts. Alterations to the membrane lipids result in an aggravation of oxidative stress and pro-inflammatory mechanisms (34) . The toxic byproducts of lipid peroxidation have been reported to mediate carcinogenic and mutagenic effects (35) . Thus, complex interactions between lipid peroxides, ROS and RNS molecules are suggested to result in the loss of neurological function. In addition, these peroxides react with specific amino acids in proteins such as arginine, cysteine and lysine to form carbonylation proteins, resulting in the loss of protein function (33) . Various studies have demonstrated that lipid peroxidation serves a crucial role in SCI (32, 36, 37) . The present study identified that tissue levels of ROS, lipid peroxides, protein carbonylation products and nitrites were significantly increased during SCI, and that these effects were ameliorated by gallic acid treatment, which resulted in the decreased expression of these oxidative stress markers.
Normal cellular functions are controlled by cell through maintaining the oxidant and antioxidant balance. However, in cases of extreme oxidative stress, cells lose control over this balance, which results in increased oxidative stress with depletion of the antioxidant status (4). Several non-enzymatic and enzymatic antioxidants are involved in the regulation of oxidative stress. GSH is an endogenous antioxidant, which commonly acts as a first line of defense against stress conditions. The reaction between ROS and GSH during stress oxidizes and inactivates GSH (38) ; oxidative damage overwhelms cellular antioxidant levels, which results in tissue injury. In addition to GSH, cells also contain various enzymatic antioxidants, including CAT, SOD, GPx and GST, which protect against cellular damage. The present study observed a significant reduction in the activities of the antioxidant status during SCI. However, gallic acid treatment enhanced antioxidant levels through increasing the activities of non-enzymatic and enzymatic antioxidant activities. Kim et al (39) demonstrated that curcumin treatment enhanced the plasma antioxidant status of cells and reduced lipid peroxidation levels during in acute SCI. Enhanced GSH levels and inhibition of MDA levels previously were reported in rats treated with oleuropein during SCI (40) . The protective effects of gallic acid mediated by the upregulation of antioxidant mechanisms have been previously reported in various oxidative stress conditions (41) (42) (43) .
Oxidative stress is closely associated with the activation of inflammatory genes, as ROS is a key mediator in these events (44) . Initiation of inflammation largely occurs with activation of NF-κB followed by downstream genes, including those for COX-2, inducible nitric oxide synthase and various interleukins and cytokines (45) . The present study demonstrated the significant upregulation of inflammatory proteins, such as NF-κB and COX-2, during SCI injury in rats; in addition, gallic acid exhibited anti-inflammatory effects by downregulating these proteins. These results are consistent with previous studies, where SCI induced inflammatory mechanisms via regulation of COX-2, nitric oxide levels and the release of prostaglandins (46, 47) . Similar protection by gallic acid through inhibition of the NF-κB protein was demonstrated in the prevention of cancer (48) and lipopolysaccharide-induced inflammation (49) .
Previous studies have identified that SCI resulted in the deregulation of ion homeostasis, including calcium ion influx and subsequent calcium overload (50, 51) . Calcium overload results in the activation of various biochemical cascades and signaling mechanisms, which have been demonstrated to lead to the adverse effects of oxidative stress and inflammatory responses, resulting in tissue damage and loss of normal cell function (50) . Previous studies have also indicated that early events in SCI induce depolarization of the membranes, which results in the opening of various ion channels (52) . These ion concentrations are maintained by membrane bound ATPase enzymes; however, as these enzymes are inactivated under oxidative stress, alterations in lipid composition occur (53) . The present study observed extensive oxidative stress during SCI; therefore, it was investigated whether SCI results in any alterations in the activity of ATPase enzymes. This was achieved by evaluating the activities of the Na + /K + , Ca 2+ and Mg 2+ ATPases during SCI. The results demonstrated a significant reduction in ATPase activity; in addition, treatment with gallic acid restored the enzyme activities and maintained normal ion homeostasis. This was consistent with a previous study by Vijaya Padma et al (54) , which identified that gallic acid treatment significantly maintained the antioxidant status and ATPase activity, thereby preventing cardiotoxicty in Wistar rats.
In conclusion, the results of the present study provided evidence that pharmacological intervention with gallic acid prevented and restored SCI-induced oxidative stress and ion homeostasis.
